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Abstract
Objectives-An independent and updated historical cohort mortality study was conducted among chemical plant workers to investigate further an association between exposures to formaldehyde and particulates and cancers of the nasopharynx and lung reported in an earlier National Cancer Institute study of the same plant. Methods Because of the small numbers of deaths and the inability to control for potentially confounding factors in the National Cancer Institute study, definitive conclusions could not be drawn from the findings for nasopharyngeal cancer. For example, two of the four cases occurred among short term employees with work histories of only three and seven months, and, before their work at Wallingford, three of the four cases were employed in jobs involving exposure to metal fumes or dust, two substances that have been associated with excess cancers of the nasopharynx.5 Despite these limitations, certain occupational exposure factors at the Wallingford plant prompted further examination of the excess of nasopharyngeal cancers. Specifically, certain work areas in the plant were associated with exposures to formaldehyde in conjunction with particulate matter derived from the paper pulp products that have been routinely mixed with urea, melamine, and other substances to produce a variety of plastic products. As well as paper pulp, other materials containing cellulose such as walnut and pecan shells were used throughout the plant's history to impart desirable physical characteristics to the plastic and resin products.
In the National Cancer Institute study, standardised mortality ratios (SMRs) for cancer of the buccal cavity and pharynx, cancer of the brain, and Hodgkin's disease were higher among those with exposure to particulates containing formaldehyde than among those never exposed to such dusts. An analysis of the excess of cancer of the buccal cavity or pharynx by subsite indicated that the risk for the nasopharynx was significantly increased among people exposed to particulates. However, the overall risk did not rise consistently with increasing exposure for this or any other subsite.'
In 1987, Blair et al reported an additional analysis of the excess of nasopharyngeal cancer and concluded that "the pattern for nasopharyngeal cancer suggests that simultaneous exposure to formaldehyde and particulates may be a risk factor for this tumor".6 This conclusion was subsequently challenged on methodological and other grounds by Collins et a17 who later performed a reanalysis of the total National Cancer Institute cohort and an updated analysis of the Wallingford plant cohort.8 Neither of these analyses supported an association between nasopharyngeal cancer and joint exposure to formaldehyde and particulates. Although the update added five years of follow up to the Wallingford cohort, no additional cases of nasopharyngeal cancer were found.
Several extensive reanalyses of the National Cancer Institute total cohort data were subsequently performed.9-5 These analyses have shown differential mortality patterns for short term (employed < ly) versus long term (employed > ly) workers and have provided evidence that certain coexposures associated with the production of resins and moulding compounds-for example, phenol, melamine, urea, and wood dust-may play a part in the risk of lung cancer. Data limitations preclude a reliable examination of the part of coexposures in the individual plants.
In 1987, the American Cyanamid Company commissioned the University of Pittsburgh, Department of Biostatistics, to perform an updated and extended investigation of total and cause specific mortality among the workforce of the Wallingford plant with special emphasis on the association between exposures to formaldehyde and particulates and cancers of the nasopharynx and lung. Although certain epidemiological findings of this research are summarised in a brief report,'6 other important findings and much of the analytical and methodological details were omitted. We report here a more comprehensive account of our findings, including a more detailed exposition of the historical exposure assessment that was performed to estimate exposures of individual workers to formalde- The present study was designed to expand the Wallingford plant component of the National Cancer Institute study.' To compare the results of the present study with the National Cancer Institute study, similar exposure to formaldehyde categories were adopted, based on a modified National Cancer Institute schema. In the National Cancer Institute study, exposure to formaldehyde was classified into five categories defined as: trace (having worked at a plant that used or produced formaldehyde but with no known exposure), < 0 1 ppm, 0-1-0-5 ppm, 0-5-2 ppm, and > 2 ppm. Three minor modifications were made in the treatment of jobs with very low exposure: (a) the worker classifications such as "office help" were presumed to be exposed only to background levels of formaldehyde and such workers were assigned a zero exposure, (b) the workers who were estimated to be very indirectly exposed to formaldehyde were assigned background exposure, and (c) the estimated relative exposures were assumed to hold over time.
To summarise the exposure estimation process, 4322 job titles examined for the white male cohort were classified into 235 job numbers and assigned exposure to formaldehyde values similar, with modifications, to the scheme used in the National Cancer Institute study. Additionally, each job number specifies a set of exposure concentrations for product particulate and non-product particulate, and a unit step function for exposure to pigment.
Development of exposure indices for individual workers
The occupational history of each study member was linked to the estimated airborne exposure concentrations to estimate cumulative exposure, average intensity and duration of exposure to formaldehyde, and to the two coexposures, (product particulates and non-product particulates). Pigment exposure was assessed as duration of exposure to pigment. Exposure States mean annual age and time specific white male death rates by the person-years at risk in the corresponding age-time intervals. To help adjust for geographic variations in mortality, expected numbers of deaths were also computed with rates for the state of Connecticut and for the combined New Haven and Middlesex counties, the local area from which the cohort was largely drawn. State and county rates were obtained from the mortality and population data system (MPDS) maintained at the University of Pittsburgh, Department of Biostatistics.'6 Because MPDS death rates are not available before 1950 for malignant neoplasms or before 1962 for non-cancer causes, in this study the expected cancer deaths for the period 1945-9 were estimated with MPDS data for the years 1950-4, and the expected noncancer deaths for the period 1960-1 were estimated with MPDS data for the years 1962-4. The expected numbers of non-cancer deaths during 1948-59 were not computed with state or county rates.
Mortality excesses and deficits are expressed as standardized mortality ratios (SMRs), the ratio of observed deaths to expected deaths ( x 100). The SMRs were computed for subgroups of the cohort defined by age group, period, year of hire, duration of employment, time since first employment, and term of employment. Significant deviations of the SMR from 100, indicating deficit or excess risks of mortality, were identified with the Poisson probability distribution.27 No formal adjustments were made for the many statistical comparisons that were made in the analysis. To facilitate the presentation of results, observed deaths and SMRs are shown with the codes (not the rules) of the ICD 8th revision (ICD-8) only.
Analysis of cohort data unique to present study A separate analysis was performed to examine the Wallingford cohort data that by definition could not have been included in the previous National Cancer Institute study. Because individual identifiers were unavailable on our version of the National Cancer Institute cohort data file, the data not from the National Cancer Institute study were identified by selecting the workers who were hired between 1 and SMRs for lung cancer Poisson regression modelling was used to investigate the dependence of the internal cohort rates and the SMRs for lung cancer (including cancer of the bronchus, trachea, or lung) on combinations of the categorical exposure and potential confounding variables of interest. This approach is described elsewhere.28 Briefly, the observed number of deaths in a particular cross classification is assumed to follow a Poisson distribution with a mean that depends on the person-years at risk (for internal cohort rates) or the expected numbers of deaths (for SMRs), and the effects of the classification factors. A multiplicative form of the model was assumed, so for cohort rates:
log E (observed deaths) = log (personyears) + a'z and for SMRs: log E (observed deaths) = log (expected deaths) + b'z where E denotes statistical expectation, log denotes natural logarithm, a' and b' are vectors of regression coefficients to be estimated, and z is the corresponding vector of covariates.
Parameters that allow separate effects for each age-time combination were included in every model for the cohort rates. These agetime parameters were also added to the models for the SMRs after the exposure effects were assessed, as a check on the homogeneity assumption of the SMRs across age and time intervals. Due to existing limitations in the OCMAP no more than two time dependent measures (as well as age group and period) could be analysed simultaneously, so time dependent exposures of interest were evaluated pairwise in separate models. Poisson regression models were fitted to the cohort rates and SMRs with maximum likelihood estimation in the generalised linear interactive modelling (GLIM) program.29 All cells with no expected deaths were excluded from the analysis for numerical reasons.
Cohort rates and SMRs were modelled as a function of the categorical classification factors in a forward stepwise approach. The significance of each main effect (expressed as global P value) and interaction was assessed with a likelihood ratio statistic, with a P value between 0 05 and 0-10 identified as of borderline significance. Also There was a high degree of association between exposures to formaldehyde and product particulates, and formaldehyde and nonproduct particulates for the total cohort and for short and long term workers considered separately. Very few person-years were contributed by workers exposed to formaldehyde who were never exposed to product particulates or non-product particulates and very few person-years were contributed by workers exposed to product particulates or non-product particulates who were never exposed to formaldehyde. In contrast, 51-5% of the person-years among all white men were contributed by workers exposed to formaldehyde who were never exposed to pigment, but even here only 0-8% of the person-years were contributed by those exposed to pigment who were never exposed to formaldehyde. When formaldehyde exposures were restricted to ,> 02 ppm and > 0-7 ppm an appreciable percentage of person-years (between 28% and 66%) came from workers exposed to product particulates or non-product particulates or both who were never exposed to > 0-2 or 0 7 ppm formaldehyde. Almost all of the workers exposed to pigment were exposed to > 02 ppm formaldehyde, indicating that exposure to pigment is associated with high formaldehyde exposures.
DESCRIPTIVE MORTALITY ANALYSES Table 3 shows the SMRs for white men for selected causes of death based on the United States, Connecticut, and local county rates.
For the 70 dead workers for whom death certificates could not be located, deaths are counted only under mortality for all causes and unknown causes (ICD-8 999-9). Thus, cause specific SMRs in table 3 are slightly understated and should probably be multiplied by a factorof 1225/1155 = 1-06. Table 3 shows a significantly increased SMR for total mortality based on United States, Connecticut, or local two county rates with the highest SMRs occurring relative to the state and local populations. In fact, the regional comparisons produced higher SMRs for several of the non-malignant disease categories examined, indicating that these regional death rates were lower than those for the total United States. The opposite pattern is found for the category all malignant neoplasms and for several of the site specific cancer categories examined. Based on the regional comparisons, significantly increased SMRs were found for nasopharyngeal cancer and cancers of the respiratory system and the subcategory, bronchus, trachea, lung. The excess of nasopharyngeal cancer is based on the same four index cases identified previously in the National Cancer Institute study.1 Table 3 also shows excess mortality for cancers of the buccal cavity, oropharynx, kidney, skin, and central nervous system, although these were not significant. In the mortality tables that follow, SMRs are based exclusively on the local two county rates, which probably provide the best available adjustment for social, economic, ethnic, and lifestyle factors related to disease for these workers. Although not shown, the mortality experiences of Wallingford non-white male and white female workers were unremarkable and show no significant excesses in total or cause specific mortality and no cases of nasopharyngeal cancer. Table 4 shows SMRs for selected causes of death for white men by term of employment and year of hire. Short term workers generally had a less favourable total and cause specific mortality experience than their longer term counterparts. For the total cohort, short term workers had significant excesses in total mortality and mortality due to ischaemic heart disease and non-malignant respiratory disease, whereas long term workers had corresponding mortality experiences only slightly higher than the white men of the local two county area. The short term workers account for most of the total and site specific cancer excesses for the total white male cohort (table 3) . Among short term workers, significant excesses of site specific cancers were found for the lung, melanoma of the skin, and the central nervous system; no excesses were found among long term workers for melanoma of the skin or cancers of the central nervous system, and the SMR of 119 for lung cancer among long term workers was not significantly increased. The excess of nasopharyngeal cancer (table 3) was maintained among both short and long term workers. Table 5 shows selected characteristics and study yielded no additional nasopharyngeal estimated exposures for the four index cases cancer deaths compared with 0-20 deaths of nasopharyngeal cancer. Exposure to formal-expected. dehyde always occurred in the presence of product particulates or non-product particu-POISSON REGRESSION ANALYSIS OF RATES AND lates, and only case 3 had any appreciable SMRS FOR LUNG CANCER exposure to formaldehyde. None of the cases Table 7 shows the Poisson regression models had any exposure to pigment. relating mortality from lung cancer to duration of exposure to formaldehyde ( > 0-2 ppm) for ANALYSIS OF COHORT DATA UNIQUE TO THE the total cohort and for the short and long PRESENT STUDY term workers considered separately. Table 7 For the combined data not from the National shows for each exposure category the observed Cancer Institute white male cohort, table 6 number of lung cancer deaths, the externally shows the SMRs for selected malignant respi-adjusted SMR, the unadjusted ratio of SMRs ratory disease categories for the 1966-84 fol-(category specific SMR to the baseline cate- tDUR 0y).
*TWE (ppm-y), AE (ppm).
sTWe (mg/m3-y), AME (mg/M3). gory SMR), and the estimated risk ratios derived from the Poisson regression models for the SMRs and cohort rates. The models of cohort death rates were adjusted for age, time period, year of hire, and the time since first employment. Comparable models fitted to the SMRs excluded the modelled adjustment for age and time period. Table 7 shows the estimated risk ratios for the total cohort and for the short and long term workers, considered separately, as a function of duration of exposure to formaldehyde at > 0-2 ppm. For the total cohort, significant heterogeneity in the estimated risk ratios was found for both the rates and the SMRs, with estimated risk ratios of > 1-5 for all exposure categories above the baseline. Although there was a significant linear trend component to these estimates, the risk ratios did not increase monotonically with increasing exposure. The short term workers show a highly significant positive gradient in estimated risk ratios for both rates and SMRs. The estimated risk ratios of 6-03 and 5-37 based on the SMRs and rates, respectively, for short term workers employed for half to one year in jobs with exposure to formaldehydes of at least 0-2 ppm were based on seven deaths. Among the long term workers, neither the heterogeneity nor the linear trend was significant, and the estimated risk ratios for the 05-5-0 exposure category were close to baseline levels. separately for short and for long term workers. Again, in contrast to long term workers, short term workers show larger and significant estimated risk ratios for SMRs and rates for those exposed to the baseline categor < 0 1 ppm compared with those exposed to > 0 1 ppm for intensity of exposure to formaldehyde, intensity of exposure to formaldehyde and product particulates, and intensity of exposure to formaldehyde and non-product particulates. The estimated risk ratios were consistently more than doubled for the short term workers exposed at more than 0 1 ppm to these agents. Risk ratios of 1-81 and 1-75 were estimated for short term workers exposed to intensities of exposure to formaldehyde and pigment > 01 ppm based on SMRs (P = 0 07) and rates (P = 0 09), respectively; the corresponding estimates of 1 65 and 1-53 for the long term workers were not significantly increased (P > 0 15 for each). Table 9 presents a summary of our Poisson regression modelling of lung cancer SMRs and rates for this Wallingford cohort. To decide which adjustment factors to include in subsequent models involving the exposure variables, the SMRs and cohort rates were first modelled as a function of the year of hire, duration of employment, and time since first employment. For the total white male cohort, there was significant heterogeneity in the cohort rates for year of hire (with estimated risk ratios of 1 0, 1-45, and 0-71 for the year of hire categories 1941-6, 1947-56, and 1957-84, respectively). Significantly increased risk was associated with increasing time since first employment, with estimated risk ratios of 1-0, 2-21, and 3-99 for the categories < 20, 20-9, and > 30 years, respectively. None of these effects were even of marginal significance in the models for the SMRs or the long term workers. With the exception of the models involving two time dependent exposure measures, all subsequent models were adjusted for both year of hire and time since first employment.
Next, duration of exposure to each agent and time weighted exposure to formaldehyde with and without consideration of each coexposure were modelled separately. Table 7 has already shown the results for duration of exposure to >t 0-2 ppm formaldehyde. For the total white male cohort, significant heterogeneity was found in both the SMRs and the cohort rates as a function of duration of exposure to pigment, with estimated risk ratios of 1.0, 1-99, and 0-98 for the SMRs for a duration of exposure to pigment of 0, < 0-5, and > 0-5 years, respectively, and corresponding risk ratios for the cohort rates of 1-0, 1-87, and 1-08. A trend of borderline significance was found in the cohort rates for duration of exposure to product particulates and time weighted exposure to formaldehyde and product particulates, with estimated risk ratios of 1-0, 1-1, 1-27, and 1-74 for duration of exposure to product particulates, and estimated risk ratios of 1.0, 1-04, 1-45, and 1-55 for time weighted exposure to formaldehyde and product particulates. A similar trend with duration of exposure to product particulates was also found in the cohort rates for the long term workers, with estimated risk ratios of 1 0, 1-15, 1 11, and 1-83 for duration of exposure to product particulates of 0, < 0.5, 0 5A49, and > 5 years, respectively.
In the next set of models, time weighted exposure to formaldehyde was modelled jointly with time weighted exposure to each of the other coexposures in separate models. The P values for this set of models refer to the first variable listed. For example, for long term workers and time weighted exposure to formaldehyde and time weighted exposure to product particulates, G = 0 10 is the global P value for time weighted exposure to formaldehyde given that time weighted exposure to product particulates is in the model. This analysis was adjusted for year of hire but not for time since first exposure. Among the long term workers, there was some evidence of heterogeneity in the cohort rates as a function of time weighted exposure to formaldehyde when adjusted for time weighted exposure to product particulates, for time weighted exposure to non-product particulates, and for duration of exposure to pigment (P < 0-10 for each). None of these effects increased monotonically with increasing time weighted exposure to formaldehyde. For example, when adjusted for time weighted exposure to product particulates, the estimated risk ratios for the long term workers at the four levels of time weighted exposure to formaldehyde (0, < 0.05, 0 05-1, and > 1 ppm-y) were 1.0, 2-58, 0O81 and 1-34, respectively. The corresponding estimates were 1-0, 5-36, 2-30, and 4-67 adjusted for time weighted exposure to non-product particulates, and 1-0, 2-64, 0 99, and 1-97 adjusted for duration of exposure to pigment. Similar results were obtained for the SMR models for the long term workers, except that the heterogeneity with time weighted exposure to formaldehyde when adjusted for time weighted exposure to product particulates was not significant at the 0 10 level. Table 9 also shows the P values for each of the coexposures adjusted for time weighted exposure to formaldehyde. Significant heterogeneity in the SMRs and cohort rates was found only for duration of exposure to pigment in the total white male cohort. The estimated risks were similar to those given earlier for duration of exposure to pigment without adjustment for time weighted exposure to formaldehyde, with almost twofold increases seen for duration of exposure to pigment of < 0 5 years relative to the 0 and > 0 5 year categories. The last section of this table summarises the results given in table 8.
Poisson regression modelling was performed on short term workers only for those models where a significant main effect of exposure to formaldehyde was found in the total cohort (duration of exposure to > 0-2 ppm formaldehyde, average intensity of exposure to formaldehyde, average intensity of exposure to formaldehyde and to product particulates, average intensity of exposure to formaldehyde and to non-product particulates, and average intensity of exposure to formaldehyde and pigment (the last two columns of table 9)). Virtually all of the significant findings for lung cancer among the total cohort can be attributed to significant findings among the short term workers.
Discussion and conclusions Many historical cohort studies, including the one reported here, have shown unusual mortality patterns for non-malignant and malignant disease among short term workers.'5'33 Differential mortality patterns found among short term workers can be due to risks acquired elsewhere-for example-avocations or earlier employment-to non-occupationally related differences in behaviour or lifestyle-for example, tobacco and alcohol consumption-or to occupationally related differences in job type or exposure-for example, newly hired employees assigned to "dirtier", less desirable jobs. For these reasons, very short term workers are frequently excluded from studies of occupational cohorts or else considered separately.
Based on our new exposure assessment of the Wallingford plant, work histories of the short term and long term workers could be compared relative to several measures of exposure to formaldehyde, product particulates, non-product particulates, and pigments. We found little evidence that short term white male workers held different jobs than those who went on to work for longer periods of time in this plant, or that the jobs they held had higher exposures to any of the agents considered. The same conclusion was reached by Stewart et all5 after a similar analysis by Blair et al I of the cohort data. One exception to this general pattern occurred among workers initially hired between 1947 and 1956. For this subgroup, the median average intensity of exposure to formaldehyde in the presence of pigment exposure was 0-46 ppm for the 14-4% of exposed short term workers compared with 0 21 ppm for the 53X1% of exposed long term workers. Significant excesses in mortality for all cancers combined and for many of the specific cancer sites were found for the short term workers in the 1947-56 year of hire subcohort.
Few differences were found between short and long term workers for exposures to the agents considered. Demographic differences between the long term workers and the short term workers were slight: long term workers tended to be born longer ago, hired more recently, and hired at somewhat older ages than the short term workers. Our findings of higher SMRs among short term workers for many categories of disease related to smoking (lung cancer, ischaemic heart disease, and non-malignant respiratory disease) suggest a difference in smoking habits between short and long term workers in the Wallingford cohort. Over 60% of the short term workers in this cohort were actually employed at this plant for less than three months.
Robins et al 12 considered whether the slight excesses and the apparent lack of exposureresponse between exposure to formaldehyde and lung cancer in the study of Blair et al' could be explained by the healthy worker survivor effect, which is defined as the tendency of workers at increased risk of death to end employment early. Based on the proposed Gnull tests, Robins et al"2 found no evidence that the healthy worker effect was biasing the findings of Blair et al I for lung cancer mortality. In the present study, because the occupational exposures for the short term workers seem to be generally similar to those of long term workers, we have no reason to suspect that the healthy worker effect is introducing major biases. However, significant positive effects have been identified for the short term workers in the present study. The presence of a healthy worker effect could mean that we are underestimating the risk associated with exposure among short term workers.
In this update, no additional cases of nasopharyngeal cancer were found in the Wallingford plant cohort despite our independent enumeration of an expanded cohort with an additional five years of follow up. The four cases were the same index cases identified in the original National Cancer Institute study, whose suspected clustering in this one plant served as a major impetus for our study. Although these four cases of nasopharyngeal cancer did represent a significant excess greater than fivefold, the very small numbers of deaths from nasopharyngeal cancer precluded a more detailed investigation of possible aetiological factors. Although all four cases had at least some exposure to both formaldehyde and particulates (as did over 80% of the white male cohort), only one case had any appreciable exposure to formaldehyde. The potential for diagnostic misclassification of nasopharyngeal cancer has been considered elsewhere. 37 38 A major portion of this investigation was directed at the question of whether the significant 27% excess in lung cancer mortality among the total white male cohort was in any way related to occupational factors at the Wallingford plant. Our Poisson regression modelling of internal cohort rates and SMRs showed that virtually all of the evidence of a relation between exposure to formaldehyde (with or without coexposures) and lung cancer occurred within the cohort of short term workers. Among the long term workers there was no clear evidence of an association between mortality from lung cancer and any occupational factors with the possible exception of cumulative exposure to formaldehyde when evaluated jointly with each of the three coexposure agents (table 9) . Although monotone trends were not found with increasing time weighted exposure to formaldehyde in any of these analyses, consistently greater than twofold risk ratios were found for time weighted exposure to formaldehyde in each category above the baseline when adjusted for time weighted exposure to non-product particulates. The analysis of time weighted exposure to formaldehyde adjusted for time weighted exposure to non-product particulates is sensitive to the collinearity between these two exposures: only 2-3% of the white male person-years in this study involved exposure to non-product particulates and not to formaldehyde, and 1-2% of the white male person-years involved exposure to formaldehyde but not to non-product particulates.
At least a portion of the non-significant 19% excess of lung cancer in long term white male workers may be linked to exposures to agents not studied here that were used or produced at the Wallingford plant. Recent reanalyses of the total National Cancer Institute formaldehyde worker cohort, which includes the Wallingford plant, have found significant positive associations between risk of lung cancer and cumulative exposure to formaldehyde in the presence of several other coexposures including antioxidants, hexamethylenetetramine, melamine, phenol, and urea.9-"1
The composition of this workforce is such that the cohort is relatively uninformative about the risks associated with exposures of long duration as the long term workers comprised only 43% of the white male cohort. Because less than one third of these long term workers were employed for more than five years in the Wallingford plant, this study lacks Given the scarcity of measurements, our initial preference in assigning exposure was to assign exposures strictly on a ranked basis, between background and a highest rank, without attributing a physically meaningful number to each level. Although this approach would have been reasonable, because the National Cancer Institute study had some numbers attached to their estimates, we were concerned that our estimates would seem "less rigorous". Keeping in mind that each estimate is subjective, the details of our process are elucidated below. The estimation process for formaldehyde is detailed; the same procedures were used to estimate the other exposures considered. There were detailed job assignment and employment sheets for 156 jobs. In these sheets, details of tasks done by the holder of that job title were outlined. Also there were entries for dustiness, noisiness, safety, and similar concerns. These 156 classes and the additional job classes created to classify the job titles that did not fit the original classes are referred to as job numbers. Table B-1 shows the job or task ranking criteria. The exposure assignment precedure based on the attributes listed in the table was first applied to the original job number list, and an exposure rank for each job number was developed. The job titles that appeared in the employment records were culled to extract those that fitted the descriptions of these job numbers exactly. The remaining job titles were then examined to identify similar groups, who were assigned additional job numbers. The plant personnel verified the appropriateness of including each previously unassigned job title into one of these new job numbers. Exposures were assigned to these new job numbers based on the ranking table, and the employment records were culled again. After several iterations of generating new job numbers, less than 20 as yet unclassified job 
